The lifetime at 1100 °C of furnace oxidation tested TBC samples having YSZ (ZrO 2 -7 wt.% Y 2 O 3 ) and CeSZ (ZrO 2 -25 wt.% CeO 2 -2.5 wt.% Y 2 O 3 ) topcoats on four Ni-base alloys including a no-bond coat NiCrAl alloy were studied. The thermally grown oxide (TGO) was investigated by energy-dispersive spectroscopy. The outer zone of the TGO revealed preferred enrichment of Zr and of rare earth elements Ce and Y in dependence of the stage of life. The oxygen potential gradients in the TGO have been rated; they are stronger for the YSZ TBC systems than for the CeSZ systems and cause a more intensive interaction of the outer zone alias mixed zone with the metal substrate than with the ceramic topcoat. When comparing the chemical composition data of the mixed zone as a function of the test period, the average lifetime as well as the particular composition of the two topcoats and the refractory element content of the substrates allowed conclusions to be drawn about the mechanisms which influence the lifetime.
Introduction
Thermal barrier coatings have been successfully introduced in gas turbine applications for several decades. They commonly consist of a metallic bond coat and a ceramic zirconia-base topcoat. They offer the potential to significantly improve the efficiency of aero engines and stationary gas turbines for power generation [1] . In practice, in particular YSZ-stabilized TBCs (ZrO 2 -7 wt.% Y 2 O 3 ) have prevailed. The industrial feasibility of coatings by plasma spraying (PS) and electron beam physical vapor deposition (EBPVD) is of utmost importance for widespread high-temperature applications in aviation and electric power generation. Zirconia deposition 1 3 processes which are a proven and preferred method in industrial practice are mostly done by feeding a plasma spray gun with yttria-stabilized zirconia (YSZ) spray powders; the comparable processes of electron beam evaporation of YSZ on substrates are commonly done via charging compacted ingots consisting of a mixture of yttria and zirconia into an evaporation pool.
Occasionally alternative zirconia-base thermal barrier coatings are mentioned, e.g., CeSZ ceria-yttria-stabilized zirconia (ZrO 2 -25 wt.% CeO 2 -2.5 wt.% Y 2 O 3 ) topcoats. However, coatings made of an oxide mixtures of three components may turn out to be more problematic in the processing and in the operational behavior compared to YSZ, which consists of only two components (see appendix which gives a short description about the EBPVD surfacing of YSZ and CeSZ topcoats). Ceriamodified TBCs made via PS may exhibit an inhomogeneous chemical distribution of the elements, which primarily depends on the scatter in the respective spray powder fractions used [2] . EBPVD CeSZ TBCs show particular fluctuations in composition across the layer thickness which account for a step-wise loss and degradation of the CeSZ topcoat in cyclic burner rig tests [3] .
During EBPVD processing of the zirconia-base top layers at high temperatures, an oxide interlayer alias a thermally grown oxide (TGO) is growing on a bond coat interlayer. The lower part of the TGO consists of a columnar alumina zone (CAZ). The upper part which has formed first during the early stage of TBC deposition is an essential interlayer in thermally evaporated zirconia TBC systems. It cares for cohesion between the oxide and metal layers. It is basically an alumina matrix with dispersed zirconia in it, explicitly a mixed zone (MZ). It hardly changes its geometry in the course of life, but it changes its composition, which is mainly caused by the inclusion of other interdiffusing elements. They are accumulating in this zone. They stem from the bond coat and substrate alloy base below and the zirconia topcoat composition above. These elements are mostly Cr, rare earth elements like Y, and Zr. This behavior is observed in a similar manner in diverse EBPVD TBC systems, provided that both the NiCoCrAlY bond coat and the substrate alloys definitely contain no Hf. In systems containing Hf as an alloying element or as a co-dopant in the bond coat, a very different structure of the TGO and in the TBC system can be affected. Such a changed structure causes both a different failure mode as well as a greatly different lifetime. These cases are excluded in this study.
The MZ discloses its central role: the content of the accumulated elements in the MZ is indicative of the service life. The key elements for YSZ topcoated systems are Y and Zr [4] , and for CeSZ topcoated systems the elements Ce, Y and Zr [5] . Their content in the MZ is a characteristic measure of the stage of life [4, 5] . They indicate a new way to life prediction for EBPVD TBC systems.
The successive stages of life of early, intermediate and late character are looking very similar within the various NiCoCrAlY bond coated EBPVD TBC systems albeit extremely differently composed Ni substrates have been used. The stages subdivide the effective lifetime. Although the stages of life are similar to each other, they occur at individually different times. This situation necessitated to find a benchmark for the different sample systems. For reasons of comparability between different samples, their average life has been taken as a reference. According to this definition of life, the average lifetime (it represents 100% of the actual life) is referred
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Prior work reports about the extent of accumulation of alloying elements of the substrates in the bond coat of EBPVD TBC systems after short annealing times. A selective accumulation of elements has been determined for refractory elements such as Mo, W, Re and Ta to become established between the substrates and the exterior region of the bond coat, the ratio being about 3 to 1 [6] . A related relationship between increasing refractory element contents in the substrate alloys and decreasing lifetimes of TBC systems was estimated from FCT data [4] . This linkage between refractory element contents in the substrate and the lifetime of TBC systems will be tracked in this study.
The causes of the separation failure of the layers of plasma-sprayed TBC systems are the mechanical stresses stored within this structure. The causes of the failure of EBPVD TBC systems turn out to be different. For YSZ topcoated systems, mechanical failure causes could already be excluded. Instead, chemical causes for the adhesion at the Me/TGO interface were identified to be crucial [4] .
Similarly, the significance of mechanical causes for FCT failure of EBPVD CeSZ topcoated TBC systems is representable. As stated by Fig. 1 , the life is hardly affected by the CTE misfit ratio [5] . The EBPVD TBC variants showing the highest CTE misfit mismatch demonstrate the longest life. Thus the service life is concluded to be independent of mechanical quantities. No mechanical but chemical causes initiate the failure either. The causes are indeed chemical in nature, but the failure modes are different for YSZ and CeSZ topcoated TBC systems. The key issues are highlighted in Table 1 ; they should assist to interpret the processes of sample failure.
Issue (1) already implies that the adhesion of the EBPVD TBCs cannot be based on a mechanical clamping mechanism, as is to be supposed for PS-generated TBC systems. It indicates the rejection of mechanical influences and constitutes a plea for chemical causes.
Issue (2) highlights the superior surface quality of the substrates to be provided for EBPVD bond coat processing, which is of vital importance for reproducible Within the CeSZ topcoat [3] lifetimes and safe adhesion of YSZ TBC systems. It insinuates heterogeneous nucleation mechanisms for their failure at the Me/TGO interface. The surface quality for CeSZ TBCs, however, is irrelevant since the critical location of failure is no longer at the Me/TGO interface but is within the TBC which has formerly been a strong t`-stabilized zirconia phase. Life-limiting failure within a formerly strong ceramic also insinuates exclusive chemical causes for disintegration failure. Issue (3) addresses the exclusive site of failure for YSZ systems. This issue has been discussed and explained in [4] . CeSZ topcoated TBC systems, however, make a difference: They fail at the opposite side of the TGO by cracking within the TBC at the end of life known as "white failure" [3] . Comparing the failure scenarios between PS-and PVD-generated TBC systems, it can already be concluded in advance: "Traditional" oxidation mechanisms leading to the failure of PS-generated TBC systems, e.g., a critical scale thickness, the stored energy which drives spallation, creep of the alloys and ratcheting effects, are less important in the EBPVD TBC systems of this study.
With regard to the stated principles of relative life and chemical composition of the MZ, the following modus operandi will be brought about. The "life relationships" referring to relative lives at temperature versus accumulated Y + Zr content in the MZ will be compared to each other with respect to the individual substrates involved. A square root relationship was encountered for the Y + Zr content in the MZ versus the relative lifetime of Ni-base YSZ EBPVD TBC systems; yet it could not be interpreted [4] . A similar, but "super-parabolic" relationship between relative life of CeSZ topcoated TBC systems on same Ni-base substrates and the accumulated Ce + Y + Zr content in the MZ has been reported [5] . This previous work and in particular the disparity in the accumulation rates of elements in the MZ are used in the following to evaluate the mechanisms which rule both the accumulation kinetics and failure modes of Ni-base alloys on the life of EBPVD TBC systems. The discussion of the "substrate effect" will take into account the thermodynamics of point defects in the scale of TBC systems.
Experimental Procedures

Materials
Substrates
Four Ni-base alloys listed in Table 2 have been taken as substrates for the application of thermal barrier coating systems and subsequent FCT subjection for lifetime evaluation. Routinely the three former alloys CMSX-4, IN100 and MCrAlY were cylindrical samples (Ø6 × 60 mm 2 ) exhibiting a standard mechanical surface finish of R a 0.15. In parallel single disk-shaped samples (Ø15 × 1 mm 2 ) per coating type of the three alloys were provided for SEM/EDS analytical purposes [5] .
A few cylindrical samples of the IN100 alloy received a nonstandard exceptionally smooth surface finish by centerless grinding of about R a 0.006.
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The 4th alloy is a ternary Ni-Cr-Al eutectic with no dopants [7] . It is a Bridgman-processed rod showing a directionally aligned lamellar phase structure of γ-Ni, β-NiAl and α-Cr. It represents a no-bond coat model substrate for an YSZ topcoated TBC system. Unlike the routine sample shape of the three alloys mentioned, they are disk-shaped (Ø10 × 1 mm 2 ). They were manufactured by wire spark erosion from a rod as illustrated in Fig. 2 . They thus showed preferred longitudinal or transverse orientation of the texture on the surfaces.
The NiCrAl alloy was manufactured of high-purity elemental Al rods, Ni pellets and Cr flakes via induction melting in a corundum crucible. An extensive sub-step of melting was carried out under hydrogen atmosphere to provide selective removal 
Testing
Isothermal Testing
The 4th alloy is a directionally solidified Ni-Cr-Al eutectic having a strongly anisotropic structure. The oxidation kinetics of the uncoated material was recorded at 1100 °C parallel and transverse to the fiber orientation (see Fig. 3 ). The oxidation-induced increase in weight at the edges of the disk samples, which do not have a uniform orientation of the fibers on the surface, is included in the overall weight gain. These cover one-sixth of the total area; the resulting uncertainty of the results is considered tolerable in order to detect striking differences in the oxidation behavior parallel and transverse to the fiber orientation.
FCT (Cyclic Furnace Testing)
The lifetime of the YSZ and CeSZ system variants was determined by means of the cylindrical samples which have been prepared in an identical manner on the lathe by FCT (cyclic furnace testing). Typical FCT intervals are 50 min at 1100 °C temperature and 10 min cool down to RT in agitated air. The life span was defined by an early state of spallation of the TBC. All lifetime data are compiled in Table 3 . The "relative lifetime" data are additionally given there in glossy numbers. Lifetimes are also plotted as a function of the content of refractory elements of the substrate alloys in Fig. 4 . The disk samples-one specimen per TBC system variety-were similarly exposed to 500 and in part 1000 cycles. 
Results
Isothermal Oxidation Testing of Ni-Cr-Al Samples with No Dopants
Weight gain rates of uncoated Ni-Cr-Al samples on isothermal heat exposure in air at 1100 °C parallel and transverse to the fiber axis were done. The kinetics of the sample variant transverse to the fiber orientation is approximated by Δm = m 0 + √kp·√t [7] .
The weight gain of the sample oxidized parallel to the fiber axis was not protective and resulted in an early spallation event after about 8 h at 1100 °C. Obviously, a tiny fragment (not found) was chipped off from the TGO of the oxidizing sample, which was positioned on a pedestal in the thermo-balance. In contrast, the scale growth on the sample oriented transverse to the lamellar fiber axis was protective as suggested by the graph and image in Fig. 3 ; it approached regular parabolic oxidation kinetics within a few hours. No spallation was observed after cool down. This type of structure alignment is considered to be a reliable bond coat surrogate that confirms the probable formation of a stable α-alumina sub-layer in a TBC system. As reported in a previous paper, some of the disk-shaped Ni-Cr-Al samples exhibiting this specific structural orientation (transverse to the fiber axis) were coated with YSZ and subjected to FCT [4] . 
Cyclic Furnace Testing of TBC Systems
The lifetimes at 1100 °C of the standard processed TBC systems [5] are shown in Fig. 4 . They are shown in dependence of the refractory element content in at.% of the substrates specified in Table 2 . The untraditional representation of the lifetime versus refractory element content of the substrates already takes up the working hypothesis of this study, which aims for clarifying the relationship between decreasing lifetimes and increasing content of refractory elements.
The particular samples of the IN100 alloy having a nonstandard exceptionally smooth surface resulted in about twice the life as compared to standard processed IN100 samples (1185 h compared to 550 h). They are not included in Fig. 4 .
SEM/EDS Data of the Mixed Zone
The MZ of the disk-shaped TBC samples being FCT subjected for 417 h (500 cycles) at 1100 °C, and additionally two extra tested samples the same for 1 h (NiCrAl/YSZ) [4] or 835 h (MCrAlY/NiCoCrAlY/CeSZ) [5] , has been analyzed by SEM/EDS. All samples formed a TGO by FCT; all samples showed a MZ of up to about 1.5 μm thickness on the upper periphery of the TGO. The EDS data of the MZ are given in Table 3 . They are representative for one sample per coating type and refer to the analysis at up to ten different locations along the centerline of the mixed zone.
The Relative Lifetime of YSZ and CeSZ Topcoated Systems
In order to compare the obtained EDS data of the different samples more easily, the "relative lifetime" has been introduced as a useful reference tool for the following discussion. In the following, life is to distinguish between the actual (= average lifetime of a coating type) and relative life. As already mentioned [4] , the relative life of 1 is the portion of 100% of the average life span of a representative number of identical samples; it corresponds to a collective content of Y + Zr in the MZ of 3.7 at.% for YSZ systems. The relative life of EBPVD CeSZ TBC systems corresponds to a higher REE + Zr collective content of Ce + Y + Zr of 5.0 at.% in the MZ [5] . So the concentrations of REEs + Zr in the MZ of YSZ and CeSZ TBC systems of 3.7 and 5.0 at.% represent lifetime criteria. The partial relative lifetimes of both TBC systems in dependence of the REE + Zr content in the MZ can be derived from the graph in Fig. 5 .
The "uniform lifetime relationships" in Fig. 5 show the enrichment of the rare earth elements and Zr in the MZ of a TBC sample given in Table 3 over the relative life at high temperatures. They represent the early, intermediate and late stages of life of CeSZ and YSZ topcoated systems. The data for YSZ TBCs encompass YSZ TBC systems with NiCoCrAlY bond coats as well as a no-bond coat system free of reactive alloying elements as already said [4] .
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Discussion
FCT Failure Mechanisms in YSZ and CeSZ Systems
Fractographic analysis has shown that the locations of FCT failure in YSZ (ZrO 2 -7 Y 2 O 3 in wt.%) and CeSZ (ZrO 2 -25 CeO 2 -2.5 Y 2 O 3 in wt.%) topcoated TBC systems are different [5] . Accordingly, the mechanisms of adhesion alias cohesion are different for both systems either. So as anticipated, the different mechanisms of failure are discussed separately for YSZ-and CeSZ-type systems.
YSZ Systems
Surface finishing of the substrates of YSZ systems is of vital importance for realizing reproducible lifetimes. This statement had been checked on identical TBC samples of an IN100 alloy which have been mechanically finished differently: They have had a standard finish, whereas some of them an extremely smooth surface finish. The last variants reached about twice the TBC life compared to the standard life. They achieved equal times, irrespective of whether the substrates had been surface treated by centerless grinding or by a 4000-grit finish [6] . A counterexample for surface finishing of the substrates reports that a particularly rough finish has been produced by grit blasting, which resulted in much shorter lifetimes [8] . Obviously, the prior mechanical treatment of the substrate surface preconditions the flatness of the follow-on Me/TGO interface. Hence subsequent heterogeneous nucleation of pores or voids is assumed to be promoted by vacancy agglomeration at tips and ridges at the interface and that the more the rougher the interface. The energetic argument implies: The smaller the radius r of a tip or edge, which is sticking out from the metal border, the higher the stress on a nucleated pore at this site. The stress on [4, 5] a pore corresponds to the partial pressure for oxygen Δp O 2 in this cavity which is inversely related to the radius r of curvature at interface roughness according to The pores and voids at these irregularities compromise the adhesion strength; they will initiate blistering as also concluded by direct evidence or TEM investigation studies of fracture surfaces, which were created by void induced separation failure of former Me/TGO interfaces [9] . The increasing pressure according to Δp O 2 as initial failure-relevant working hypothesis is confirmed by the following experimental findings (quote): "A few of the facets (inner planes within the pores) contained an oxide scale" [10] .
For this reason, the p O 2 at the metal/scale interface turns out to be a failure-critical issue of YSZ systems. In this regard, the rate-limiting sub-step of the oxidation occurring at this interface is discussed by usage of point defect concentrations in the α-alumina scale. The sub-step in Vink notation for vacancy migration of point defects in the semiconducting Schottky-type alumina lattice is
The reaction constant K* indicating concentrations, molar proportions or chemical activities of point defects at related temperatures in square brackets is . The oxygen pressure dependency of the point defect concentration of V Al ‴ and (h·) refers to the major part of point defects in three-charged cation oxides [11] , which is in the particular p O 2 range Safe adhesion of the scale at the metal/scale interface of Ni-base alumina formers requires a decisive p O 2 range: the p O 2 at this interface must stay below the dissociation pressure of Al 2 O 3 ; the dissociation pressure is not a fixed value at temperature but decisively depends on the chemical activity of Al. In the actual case of Ni alloys, it is lower since Al is dissolved in the alloy. In the γ-Ni phase, it is ≤ 10 −26 atm at 1100 °C [12] . It is about ≤ 10 −27 atm at 1100 °C on β-NiAl phase. On the basis of a γ/β phase microstructure, the adhesion of a TGO on a β-phase has proved superior to that on the γ-phase that have been jointly subjected to same oxygen potentials and temperatures. While the adhesion of the β-NiAl/TGO interphase boundary already exceeded the tensile strength of the β-NiAl matrix, the bonding of the γ-Ni/TGO interface instead suffered from escalating separation. For example, a TGO on an appropriate γ/β structure is shown in Fig. 3 after isothermal oxidation; the superior
scale adhesion on the β phase on this γ/β structure has been disclosed via FCT procedures [4] .
An added downward shift of p O 2 is caused by doping alumina formers with REEs like Y and trivalent lanthanides. In the very bottom of the TGO, the extra formation of a continuous interstitial garnet phases, e.g., the YAG phase Y 3 Al 5 O 12 , cannot be ruled out. The effectiveness of a YAG monolayer on lowering the p O 2 potential at the Me/TGO interface is also hypothesized. This hypothesis is indirectly supported by experiments on Y-doped FeCrAl alloys. They form a wavy Me/TGO interface during isothermal oxidation for 100 h at 1200 °C. In the oxide pockets along the interface, SEM cross sections show Y/Al mixed oxides as also evidenced by XRD patterns. These alloys are mainly YAG (Y 3 Al 5 O 12 ) and a smaller fraction of YAP (YAlO 3 ) [13] . The YAG and YAP phases, in conjunction with the ferritic substrate, form a ternary equilibrium. This fact precludes the inclusion of Al 2 O 3 at the Me/ TGO interface according to the Gibbs' phase rule. Alumina is excluded from contact with the metal phase. This statement and the temperature-independent stability of the YAP phase have been confirmed [14] . The most likely phase sequence of TGOs in TBCs having Y-doped alumina-forming alloy substrates, which forms at service temperatures, would be: Me substrate/YAG/Al 2 O 3 /mixed Al-Zr oxide zone.
The Y/Al oxides alias YAG interfaces cause a lower p O 2 of about 10 −28 atm at 1100 °C at the TGO growth front as has been experienced on a Y-doped Ni alloy [15] . As generally recognized, the concentration of cation point defects is representing the diffusivity of matter for a given oxygen potential gradient; hence-in the given example at 1100 °C for the p O 2 range of at least between 10 −26 to 10 −28 atmit is directly related to actual experimental oxidation rates from selected test series as shown in Fig. 6 . Fig. 6 Schematic of the oxygen pressure dependency on "optimal" experimental parabolic oxidation rate constants of alumina-forming alloys at 1100 °C. Rate constants are given for "binary" Ni 3 Al [16] , NiAl [17] , NiAl + 0.1Y at 1093 °C [18] , which each refer to an oxygen pressure p O 2 according [12] , and [15] . Due to its low Al content, the ternary NiCrAl eutectic Ni 49 Cr 37.5 Al 13.5 has been approximated to the p O 2 of the Ni 3 Al [this study]. The dotted line refers to the relationship of Eq. (4) The effect of doping with rare earth elements is reported to lower oxidation rates corresponding to a factor of 2-4 [19] . A comparable decline in oxidation rate is also suggested in the diagram in Fig. 6 highlighting experimental data of binary Ni-Al compositions of γ and β phase and the effect of an optimal Y dopant content on it. The oxidation rates of the ternary DS eutectic Ni-Cr-Al alloy, however, are obviously raised compared to the binary Ni-Al alloys which is supposed to result from additional alloying with Cr. The point defect concentration as a representative for diffusion velocities is assumed to remain in the same order of magnitude due to the presence of equivalent Cr ions in Al lattice positions of the TGO. Under this premise, the diffusion rates cannot dramatically be risen. Hence the raised scale growth rate is supposed to be mainly due to the higher dynamic participation of Cr in cation transport as is also suggested by the low activation energy for Cr 3+ tracer diffusion in α-alumina of 265 kJ mol −1 [20] The transport of matter to the MZ is based on the mass flux from the YSZ topcoat and supply of Y from the metallic Y reservoir of the bond coat.
It should be mentioned in parenthesis that the reservoir of Y in the metal at the Me/scale interface of this study is fixed by the standard bond coat having constant thickness and composition. The substrate and its thickness, however, may contribute to the entire Y reservoir, depending on the Y content of the substrate and its thickness. This question has been dealt with in detail with regard to an optimum reactive element content for the oxidation rate and the lifetime considering the contents of such elements and the thicknesses of the bond coats and substrates [21] . Without intending to investigate this fact in the context of this study, the comparatively long average lifetime of the YSZ topcoated MCrAlY samples is noticeable. Obviously, the common reservoir of Y in the substrate (0.35 wt.% Y) and in the bond coat (0.15 wt.% Y) plays an important role in terms of lifetime. It should be noted in advance in this chapter with regard to the following chapter on CeSZ system types that the implied life-prolonging influence of the MCrAlY substrate in YSZ systems is not observed in CeSZ systems. This appending observation suggests that different failure mechanisms in YSZ (depending on the entire Y content of the Y reservoir) and CeSZ systems (insensitive to the size of the Y reservoir) might be present.
The quantitative ratio of the two mass fluxes from above and below is still discussed with regard to YSZ and CeSZ TBCs in the following. In the late state of TBC life, this source for Y supply from below seems to become exhausted. This view is also confirmed by the finding that the lifetime is determined by the consumption of the Al reservoir as a function of the TGO growth rate [22] . This impression refers to the diagram in Fig. 7 : It shows a Y/Zr ≈ 1 ratio in the MZ versus the relative life. Due to the preferred Y off-diffusion from below and successive shortage of Y, the Y/Zr ratio in the MZ drops to a low value in the late life, which seemingly approximates the Y/Zr ratio of the composition of the YSZ topcoat. There is probably a noticeable tendency of the MZ to accumulate Y, which is primarily supported by the driving force of the oxygen potential gradient in the CAZ and the mobility of the cations in the sub-lattice. In the MZ, however, no such potential gradient is present, so that only a diffusive balance between MZ and TBC is likely to have taken place.
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CeSZ Systems
The surface finishing of the substrates of CeSZ systems is of minor importance as can be understood because of the fracture failure occurring at the opposite side of the TGO. With regard to a critical p O 2 at the Me/TGO interface for "safe" adhesion as given above, however, it can already be concluded that the oxygen potential at the corresponding interface for the CeSZ TBC systems is settled below the decomposition pressure p O 2 of alumina, i.e., in a "safe" pressure range. This fact also explains why the location of the layer failure is not at the Me/TGO interface but is located in the CeSZ topcoat and thus at atmospheric pressure. From this fact, the following hypothesis can be deduced: The so-called rare earth effect via doping with Y may not be as crucial for obtaining a long life as this is for YSZ TBC systems.
A brittle fracture mode can be expected to occur at the smooth interface between MZ and CeSZ topcoat that is initiated there by interfacial shear stresses. This is not observed in this study. Incidentally, it should be noted that the influence of thermal stresses along layer boundaries, the so-called mismatch effects, in the present TBCs has never been identified as a lifetime determining cause. Instead the probable area for breakdown in the CeSZ topcoat is just next to the MZ. This zone is exemplarily shown for a FCT-subjected IN100/NiCoCrAlY/CeSZ sample in Fig. 8 . It is highlighted at high magnification showing a sub-µm flaky microstructure of the MZ. The zirconia topcoat no longer exhibits its original structure of a columnar PVD structure, but has been transformed into a contourless structure. However, this aspect should not be further explored here.
In particular the size of the grains in the MZ is smaller by orders of magnitude. A structure like that suggests the chance for an unimpeded mass flow along shortcircuit paths via the manifold grain boundaries. Possibly a mass flow like that is not controlled by diffusion but will be ruled by interface reactions. -The determination of the phases involved in the MZ proved too extensive within the frame of the present study. For example, traces of Ni 2+ and Co 2+ incorporated in the MZ Table 3 ). The graph indicates a decrease in the provision of Y from the bond coat reservoir versus relative life. The Y to Zr ratio of the MZ drops to ratio of the composition of the TBC after the anticipated scale of lifetime by in-diffusion from the metal backside below are reported to give rise to a series of additional chemical compounds [23] . The microstructures of the TGO and the Me/TGO interface do not show grains and pegs of YAG phase any more as otherwise expected to precipitate in the TGO of YSZ TBC systems. Apparently the preformed facetted yttria islands on the smooth surface of the bond coats which commonly form in the course of vacuum annealing on the surface of bond coats before YSZ deposition have disappeared during subsequent deposition processing in the Ce-rich vapor atmosphere. Rather an arrangement of transient aluminas + Ce 2 O 3 + CeAlO 3 phases is assumed to have been formed in this intermediate state of scale formation in order to comply with Gibbs phase rule: It rather suggests the creation of α-Al 2 O 3 + Ce 2 O 3 + CeAlO 3 phases thus confirming the existence of thermodynamic equilibria between the MZ/CeSZ interface and the phases in the MZ.
The more detailed understanding of the accumulation of Ce + Zr + Y in the MZ will be shown in a graph in Fig. 9 . Both types of systems theoretically have the possibility of effecting the accumulation of these elements in the MZ both by inflow from the bond coat and from the zirconia-base topcoat. So in particular Fig. 9 refer to the same real times of 417 h (500 cycles) at temperature and for the same Ni-base alloys.
This diagram highlights the "low" Y contents (2.5 wt.%) in the MZ for the CeSZ variants and the "high" Y contents (7 wt.%) for the YSZ variants. The CeSZ ones account for a lower supply rate of Y from the metal base reservoir to the MZ through the TGO, where, however, the YSZ variants have a much higher accumulation rate for Y in the MZ. The Y content in the YSZ topcoat is about 3 times as high as in the CeSZ topcoat. However, the gain of high Y content in the MZ is excluded at the expense of the YSZ top layer since the Y-stabilized phase in the topcoat is not significantly affected.
So the lower diffusion rate is considered to be due to a lower oxygen potential gradient which is the main driving force for the diffusion of Y. The hypothesis of lower diffusion rates for Y in CeSZ topcoated systems due to the lower oxygen potential gradient is mentioned here in advance. It is explained and schematically detailed in the following chapter and Fig. 13 .
One more aspect of the Y transport refers to the rate of Y enrichment in the MZ compared to a representative element for the diffusion rates of the remaining elements in the MZ. It is given here for some intermediate stage of life, in particular at 28-56% of relative life in Fig. 10 .
The rate of Y enrichment is directly proportional to time according t 1.0 , while the agglomeration rates for Cr, Ce and Zr decline and are following sub-parabola relationships of about t 0.3 to t 0.4 (not detailed here). The direct relationship versus Fig. 11 . The resulting slope n of 0.5 representing a square root parabola relationship due to the "Ce conversion" is typical for a dominant diffusive mass transport. It provides indirect evidence of the hypothesis on the effect of Ce via generating a dominating phase boundary reaction within the entire transport process.
This finding is one more argument for phase boundary-controlled mass transport in the system together with the decoding of the super-parabolic relationship of relative life versus REE content in the MZ in Fig. 4 . They demonstrate the result of a constant active phase boundary reaction driving a steady supply of Y.
The comparatively low Y content in the MZ of CeSZ variants after 417 h (500 cycles) shown in Fig. 9 and the steady kinetics of Y accumulation indicate that a high Y content will be retained in the metal below. During this period, however, the t'-phase-stabilizing elements Y and Ce are detracted from the TBC above. Both features favor prevention of separation failure at the Me/TGO interface and an impending destabilization of the strong tetragonal zirconia phase that triggers a mechanical decay of the CeSZ topcoat toward weak monoclinic and cubic phases.
The phase boundary reaction has been defined so far by indirect evidence. A more manifest idea is given by a cross-sectional EDS spot analysis through the MZ of a FCT failed sample in Fig. 12 . It shows the data for Zr, Al, and Ce while the Cr content (not shown here) stays approximately constant at < 0.5 at.% across the entire MZ. The Y content is of a similar order of magnitude, but rises slightly above 1 at% close to the TBC. The high content of Al declines on approaching the TBC. In return, the Zr content increases accordingly which has been likewise observed in YSZ TBCs [24] . Only the content of Ce-the main stabilizing element for the tetragonal crystal structure of CeSZ-is virtually nonexistent at the inward side of the MZ, but rises steeply just before the TBC.
In the context of this paragraph, the possible formation of additional phases in the quaternary system CeO 2 -Y 2 O 3 -Al 2 O 3 -ZrO 2 must not be overlooked. The system has been discussed at two different oxygen potentials. No extra phases besides the existing ones were reported after annealing the mixtures in air atmosphere. However, after annealing under vacuum, two additional phases of a ternary composition were identified as they were CeO 2 ·11Al 2 O 3 and CeAlO 3 . Either the one or the other of the two phases was obtained alternatively as a function of the respective thermal treatments [26] . CeAlO 3 is most preferably formed. It is a congruently melting perovskite compound which melts at 2100 °C under reducing conditions. It disintegrates, however, above 1275 °C as soon as strong oxidizing conditions are given [27] . Possibly, this phase has also arisen during reactive EBPVD CeSZ processing under rough vacuum atmosphere conditions at 1000 °C which have been conducted during CeSZ topcoat vapor deposition. This phase is assumed to stem from the partial reduction of CeO 2 to Ce 2 O 3 and conversion of Ce 4+ to Ce 3+ at ~10 −19 atm and 1100 °C [28] . The conversion causes the bonding of Ce 2 O 3 with Al 2 O 3 . The formation of this phase has not been investigated further in this study.
By the way a technically relevant question could be posed based on these observations: Are CeSZ TBC systems produced by EBPVD at low gas pressures basically different in their mechanical and chemical properties from those produced by atmospheric plasma spraying due to their valence-induced inhomogeneity? This interesting question will not be discussed further in this study.
Following [29] , CeAlO 3 nucleation and growth takes place by a solid-state reaction at the Al 2 O 3 /CeO 2 interface which initiated the formation of an Al 2 O 3 /AlCeO 3 / CeO 2 composite interlayer. Their crystallographic orientation reportedly provided strong anchoring areas for CeAlO 3 /CeO 2 "microdomains" which are regarded as impassable diffusion barriers for Ce 4+ . Fig. 12 EDS data for Al, Zr and Ce of a cross section through the MZ of a CeSZ TBC system taken at a late stage of life. Note the sudden steep rise in Ce content on outward traversing the MZ [25] Similar "microdomains" are presumably comparable to the diffusion barrier for Ce found in this study where Ce is tetravalent above and trivalent below. There obviously apparent trans-diffusion for Ce through this layer composite is hampered. The unrestricted diffusion of other elements in the MZ, however, that do not change their valences above and below the barrier is likely. This model is likely to explain the structure in the MZ. Based on this information, a model idea of the oxygen potential gradients across the layers of EBPVD systems with YSZ and CeSZ topcoats is outlined in the following.
The Oxygen Potential Gradient
The scheme of the oxygen potential p O 2 in the scale of alumina-forming alloys according to [30] has later been conveniently introduced in standard TBC systems having YSZ topcoats [4] . The course of the oxygen chemical potential extending from the surface at atmospheric pressure (µ o ) Atm through the TBC, MZ and CAZ to the metal base (µ o ) Scale/Me at a p O 2 of ≤ 10 −26 atm at 1100 °C is shown in Fig. 13 as a solid line. There it extends into the alloy (µ o ) Me at a p O 2 , for example, of < 10 −26 atm. The MZ is primarily a mixture of Al/Zr/Y oxides. Although Zr is representing only a minor portion in the MZ, it rules the permeability for the atmosphere owing to the extended miscibility of zirconia with oxygen. It provides short-circuit diffusion paths for oxygen by itself.
The scheme of the oxygen potential p O 2 of TBC systems having CeSZ topcoats differs from the course of the p O 2 of the YSZ systems. A complete change in the chemical equilibria within a TGO has been initiated due to the incorporation of Ce. The MZ is in this case a mixture of Al/Ce/Y/Zr oxides, wherein zirconia is the lowest portion. Possibly the inferior portion of zirconia is a rationale for the loss of the short-circuit diffusion paths for oxygen. Instead, the oxygen potential in the area of the MZ decreases with the distance from the CeSZ topcoat. An additional phase is assumed to have formed there, most probably a highly ordered AlCeO 3 Fig. 13 Hypothetical scheme of the oxygen chemical potentials μ O in log format versus the position within cross sections of typical EBPVD TBC systems having either YSZ (solid line) or CeSZ topcoats (dotted line). The contour of the gradients in the CAZ (CAZ: columnar alumina zone of the TGO) is taken from M. Wada and co-workers [30] . The p O 2 related Ce 4+ ↔ Ce 3+ conversion in the MZ of the CeSZ system [28] causes an obstacle for the passage of matter, which stands out as a kink in the p O 2 gradient of this system perovskite-type compound. And this compound will not show the same permeability for oxygen such as zirconia.
To So the upper section of the potential gradient apparently ranges in the MZ between atmospheric pressure and 10 −16 atm. The lower section of the potential gradient ranges below the MZ in the CAZ between 10 −16 atm and the scale/alloy interface (µ o ) Scale/Me at a p O 2 of < 10 −26 atm. While the oxygen potential extends only over the CAZ in the case of the YSZ systems, in CeSZ systems it occupies the full width of the TGO consisting of CAZ plus additional MZ. Accordingly the oxygen potential gradient created in CeSZ systems is lower compared to YSZ TBC systems.
The lower section of the potential gradient in the TGO of CeSZ systems also allows for lower diffusion rates in the TGO; consequently, less Y off-diffusion from the Y reservoir in the bond coat is to be expected. This fact is also discussed in terms of prolonged lifetimes with Fig. 9 . So the associated low oxygen pressure regime at the TGO growth front of < 10 −26 atm at 1100 °C can be maintained for longer times. Separation at the Me/TGO interface is less likely to happen, and even more so as the low Y accumulation rate declines even more when approaching the intermediate stage of life, as illustrated in Fig. 9 .
The accumulation of Y is small, but it is continuous, as indicated in Fig. 10 by the linear progression rate of n = t 1 and hence significant in the course of life. The essential finding is that substantial portions of the t'-stabilizing elements Y and Ce become depleted in the zirconia topcoat and enriched in the MZ probably due to Δp O 2 assisted diffusion. In the following, the strong tetragonal zirconia phase in this zone transforms into the weaker monoclinic phase thus causing mechanical failure in the layer.
In summary of this paragraph, the accumulation kinetics of REEs + Zr in the MZ reveal that both YSZ and CeSZ systems undergo similar stages of early, intermediate and late life. Nevertheless, they differ with respect to their sources of Y supply. In the case of YSZ systems, Y is extracted from the metallic base (bond coat). Subsequent separation failure at the Me/TGO interface is likely as soon as the Y reservoir-which accounts for a p O 2 ≤ 10 −26 -has been exhausted. CeSZ systems primarily extract the t-stabilizing REEs Y and Ce from the CeSZ topcoat during service. A successive lower mechanical stability of the "de-stabilized" zirconia topcoat results and culminates in TBC disintegration failure.
The Substrate Effect
The present study clearly shows that the lives of EBPVD TBC Ni-base alloys can extremely be shortened up to about five times particularly for YSZ systems if By the way the lifetime of TBC systems can be extremely extended by (additional) doping with Hf, as already suggested in the introduction. This "benefit" is caused by using Hf-containing super alloys (e.g., René 142) or Hf-containing bond coats. They switch to a different type of oxidation behavior as well as other failure mechanisms that can cause superior service lives.
Obviously the detrimental influence of high diffusion rates in the scales on life is less if CeSZ topcoats have been applied instead of YSZ topcoats.
The focus of the discussion is now on the influence of these substrate elements on the accumulation rate of REE + Zr elements in the MZ and the resultant diffusivities.
In the MZ, no contents of refractory elements were initially detected via EDS analysis. So they have seemingly not penetrated the TGO either. On the other hand, the oxides of refractory elements have reportedly been found in the upper layer of TGOs of alumina-forming Ni-base alloys being alloyed with similar contents of refractory elements [31] . Thus, some passage of refractory metal cations through the TGO is hypothesized to be likely; their concentration, however, is possibly below the detection limit of X-ray microanalysis in the alumina lattice. They settle there as "stowaways." However, the concentration of these cations is dependent on the concentration of available cation vacancies; it will raise the more aliovalent cations of the metal substrate will enter the TGO. On the other side, the corresponding vacancy concentration decreases as a result of a p O 2 reduction following Eq. (3). Thus the setback in lifetime is assumed to be due to the release of very small amounts of refractory element cations in alumina from the substrates. Presumably they have entered the α-alumina crystal lattice after having passed through the bond coat. There they interact with the existing point defects as vacancies V The ratio implies that in view of the electro-neutrality an equivalent amount of +-type and −type point defect sites exists within the TGO establishing n-type character toward the bottom and p-type toward the exterior. The defect reactions running at the bottom most likely exert an effect on the defect concentration toward the exterior TGO including the alumina matrix of the MZ. The increase in point defects is most likely balanced by the accumulation of REE + Zr corresponding to thermodynamic equilibrium conditions. In order to demonstrate the dynamics of this relationship, plausibly based on interdiffusion, the refractory element content of the substrate alloys-given as square root values-is shown in Fig. 14 as a function of the Y + Zr
content in the MZ on same substrates. The straight line of the function confirms a square root relationship between Y + Zr content in the MZ and refractory element content in the substrate; it thus gives an indirect evidence for the action of diffusioncontrolled processes between the layers. Therefore, the service life of TBCs will be shorter.
According to Eq. (5), it follows that a limited number of Al vacancies V Al acts as "vehicles" offering the transfer of 3-charged elements like Al 3+ or Y 3+ through the cation sub-lattice. Other differently charged cations can be transported either; in the present case refractory element cations can be transferred as well. However, the refractory elements are 4-charged at least. For reasons of electro-neutrality, additional vacancies in the lattice must be created. The accumulation rate of Y + Zr in the MZ is accelerated in proportion to the rise in the concentration of vacancies.
The influence of the CeSZ topcoat on the accumulation rate of the elements Ce + Y + Zr in the MZ as a function of the concentration of the refractory elements in the substrates is by large the same as that of the YSZ, see Fig. 12 . A closer look at the differences between Figs. 14 and 15 however reveals two special features.
1. In order to be able to represent the square root parabolic relationship of the accumulative elements versus the concentration of the refractory elements of the substrate as a linear line, the content of Ce in the ordinate should be plotted as a square root value as done in analogy to Fig. 11 . So the contribution of cerium can once more be presented as a decisive member in arranging a dominant interfacial transport reaction in line with linear kinetics. So a simultaneous action of the transport steps via diffusion or boundary effects can be assumed, which are ruled either by the concentration of point defects in the lattice or also by additional phase boundary reactions. 2. The difference between the minimum and maximum REE+Y contents with respect to the ordinates is the factor of about 2.5 for YSZ TBCs, but only 1.4 for CeSZ TBCs. The clear difference shows that the substrate effect in CeSZ TBC systems is significantly less pronounced than in YSZ systems. It is due to the lower oxygen potential gradient and the related lower diffusion rates in the TGO.
Despite the difference in substrate effects, however, it is assumed that due to the same processing routes the very initial concentration of Al vacancies in each one of the YSZ and CeSZ systems has been identical.
The given arguments explain the mechanism of the "substrate effect" which is caused by the contents of the refractory elements in the substrates. The varying intensities of the substrate effect, however, depend on the different oxygen potential gradients in the TGO; they are caused by the two Y or Ce + Y tetragonally stabilized zirconia topcoats.
Summary
The FCT lifetime of EBPVD TBC systems and their failure mode at 1100 °C were determined on Ni-base alloy samples comprising YSZ or CeSZ topcoats. The samples have habitually been produced under identical conditions and the respective route of manufacture of the YSZ and CeSZ topcoats is pointed out. The service life of both sample variants is essentially based on chemical aspects within the TGO and in particular in the MZ. They are already settled by the composition of the bond coat, the zirconia topcoat, and the respective substrate.
The lifetime is determined by diffusion processes. The rate of diffusion depends on the mobility of the elements involved, the concentration of lattice point defects in the TGO, which in turn depends on the oxygen potential at the Me/TGO interface and the quantity of dissolved refractory elements, and the oxygen potential gradient in the TGO as the driving force for mass flow. The chemical aspects are: problematic. The more agile Cr ions replace Al ions and occupy regular cation sites in the alumina lattice; they are causing shorter lifetimes. • Zirconia topcoat: In TBC systems with a YSZ topcoat, a typical high oxygen potential gradient is provided in the TGO which dominates the diffusion activity. It causes the continual off-diffusion of Y from the bond coat to the MZ, accompanied by an increase in the oxygen potential until reaching the dissociation potential of alumina at the Me/TGO interface. There, it drives separation failure to occur. In TBC systems with a CeSZ topcoat, a minor oxygen potential gradient in the TGO is provided. For that reason, a comparatively lower oxygen potential is maintained in the Me/TGO and the adjoining bond coat. Therefore, the off-diffusion of Y from the bond coat is reduced, and related separation failure at the Me/TGO is unlikely. Instead, dominant off-diffusion of Y and Ce from the topcoat to the MZ is activated; it causes depletion of the zirconia on its t'-stabilizing elements Y and Ce which triggers TBC disintegration failure in a now mechanically weaker topcoat.
• Respective substrate: The lattice point defect concentration in the TGO is increased on super alloy substrates that are strongly alloyed with refractory elements. This makes the diffusive flux for the rare earth elements in the TGO faster and the lifetime shorter. This substrate effect is more pronounced in YSZ systems than in CeSZ systems.
However, the feasibility of CeSZ TBCs (consisting of ZrO 2 -25CeO 2 -2.5Y 2 O 3 in wt.%) by reactive electron beam evaporation is problematic. CeO 2 and Y 2 O 3 form mutually wide mixed crystal regions but homogeneous phase regions depend on the temperature and the oxygen pressure. The vapor pressure of ceria differs by > four orders of magnitude from that of yttria and zirconia. Hence, the layers obtainable by single-crucible evaporation from a Ce-Y-Zr oxide source show a high scattering of the composition; as a consequence, a step-wise loss and degradation of those layers is observed in service. The step-wise loss is due to the fluctuations of the composition across the thickness of the TBC which cause alternating interlayers of weak and stronger phases, e.g., m-, c-and most appropriate t'-phase zirconia [2] .
This problem has been circumvented at DLR by applying the "jumping beam method" using the simultaneous evaporation of two different source compositions put in two adjacent crucibles. One of the crucibles is charged with an appropriate ZrO 2 -Y 2 O 3 ingot. The other crucible should be loaded with the "right" Ce containing ingot; in case of a ceria ingot, however, there arise fundamental questions about the feasibility of reproducible and homogeneous CeSZ TBCs: These relate to diverse equilibria required between various phases to be expected. These are two cerium oxide phases which can be liquid or solid or both (CeO 2 melting point 2400 °C, Ce 2 O 3 ≤ 2210 °C, and a low-melting eutectic at 795 °C of both ceria phases). They may evaporate and/or sublimate, depending on the temperature and the oxygen pressure in the coater. With respect to the Gibbs phase rule, the number of phases involved in this scenery is too high.
Reactive EBPVD processing of CeSZ coatings compliant with the Gibbs phase rule can well be achieved by means of dual-crucible jumping beam evaporation, e.g., in the following way: a ceramic ZrO 2 -Y 2 O 3 ingot of appropriate composition is evaporated from the one crucible as just mentioned; simultaneously pure ceriuminstead of a Ce 2 O 3 source that cannot be provided as a storable ingot 1 -is acting as the supplementary vapor source in the twin crucible. Meanwhile the oxygen partial pressure in the coater serves as a decisive "manipulated variable," which has to be controlled during the reactive coating processing.
It should be noted that the lifetime results in this study are based on FCT experiments in calm air in a laboratory environment. If the use of CeSZ TBC systems under hot gas conditions for turbine blade applications should be considered, then the influence of the relatively high vapor pressure of ceria should be kept in mind.
